2 ) > 25 and waist-hip ratio > 1.0 in men and > 0.8 in women): men (2.80; 1.48, 5.45) and women (1.73; 1.15, 2.61)]. High energy and energy-adjusted saturated fat intakes were associated with increased risk of being in the highest tertile of Hb A 1c [highest compared with lowest quintile: (1.53; 1.04, 2.26; P for trend = 0.013) and (1.98; 1.33, 2.95; P for trend = 0.003), respectively]. No significant associations were observed for intakes of carbohydrates, protein, dietary fiber, or ␤-carotene; however, some of the associations were nearly significant. Alcohol, vitamin C, and vitamin E intakes were inversely related to risk [highest compared with lowest quintile: (0.56; 0.38, 0.83; P for trend = 0.001), (0.50; 0.33, 0.74; P for trend = 0.003), and (0.65; 0.43, 0.96; P for trend = 0.036), respectively]. Conclusion: Hb A 1c values might be modifiable by diet and other lifestyle factors.
INTRODUCTION
There is substantial interest in blood glucose concentrations because glucose reacts, depending on blood glucose concentrations (1, 2) , with amino groups of plasma and tissue proteins (Amadori reaction) to form glycated proteins. These glycated proteins gradually transform nonenzymatically into advanced glycation end products and have been reported to result in altered protein function of the affected molecules. Glycation of LDL, for example, was found to be associated with impaired receptormediated uptake and catabolism (3) , and glycation reactions may cause oxidative stress through free radical generation (4, 5) . Both diabetic micro-and macrovascular complications and increased atherosclerotic risk (6) were reported to be associated with advanced glycation end products (1, 6) .
Furthermore, glucose concentrations play an important role in the metabolic syndrome. High serum glucose concentrations indicate the beginning of or existing glucose intolerance and insulin resistance, which may result in type 2 diabetes. The preclinical development of type 2 diabetes, however, is poorly understood and so far there is little direct evidence that the same factors influencing metabolic control in clinical diabetes might also affect the preclinical development of the disease. An increased risk of type 2 diabetes has been shown to be associated with several dietary risk factors. High saturated fat intakes have been associated with an increased risk of type 2 diabetes in various populations (7) , and diets high in complex carbohydrates have been shown to protect against glucose intolerance and type 2 diabetes, mainly because of their high fiber content (8) . A prospective study in Finland provided evidence to support the relation between serum vitamin E concentrations and the incidence of type 2 diabetes (9) . Association between glycated hemoglobin and diet and other lifestyle factors in a nondiabetic population: cross-sectional evaluation of data from the Potsdam cohort of the European Prospective Investigation into Cancer and Nutrition Study [1] [2] [3] Research on blood glucose concentrations was facilitated by the identification of glycated hemoglobin (Hb A 1c ) as a biomarker of long-term glucose homeostasis that reflects blood glucose concentrations over the previous 6-8 wk (10, 11) . In epidemiologic studies, this biomarker has the advantage that a single assessment of Hb A 1c is suitable to classify individuals according to their long-term blood glucose concentrations (12) .
Considering the importance of blood glucose concentrations on health, the relation of lifestyle factors to Hb A 1c values in plasma was studied in a sample of nondiabetic middle-aged men and women taking part in a prospective study on diet and chronic disease-the European Prospective Investigation into Cancer and Nutrition (EPIC) Study (13) .
SUBJECTS AND METHODS

Study design
A random sample from the Potsdam, Germany, cohort of the EPIC Study (14) was taken for cross-sectional analyses of associations between long-term blood glucose concentrations, as determined on the basis of Hb A 1c values, and diet and other lifestyle factors. The cohort population in Potsdam, Germany, was recruited from a random sample drawn via the population registries of the city of Potsdam and adjacent communities; men aged 40-64 y and women aged 35-64 y were eligible for inclusion. The basic examination for the cohort study included questionnaire and interview data, medical information, and a blood sample. In 1994-1995, the participation rate was Ϸ35% of those invited to participate in this long-term cohort study on diet and chronic diseases.
Study population
Hb A 1c was measured in 2 periods during ongoing recruitment: between November 1994 and March 1995 and between February and November 1996. During these periods, 2749 and 5690 subjects, respectively, were examined for the cohort study. From those who provided blood samples (96%), random samples for Hb A 1c measurement were drawn retrospectively after exclusion of subjects who reported a previous diagnosis of diabetes mellitus or were taking antidiabetic medication. Overall, 1186 subjects from the first study period and 1000 subjects from the second study period were selected for determination of Hb A 1c values in blood.
Subjects taking ␤-blockers, diuretics, or corticoids that might affect Hb A 1c values were excluded from the statistical analysis (n = 383). Another 8 subjects were excluded because values for at least one of the main exposure variables were missing. In addition, 22 subjects with an Hb A 1c value ≥ 0.07 were also excluded because they may have already had undiagnosed type 2 diabetes. Thus, the final study population consisted of 1773 subjects-745 men and 1028 women. The procedures of the EPIC-Potsdam Study were approved by the ethical committee of the state of Brandenburg and by the elected official for data protection of this state.
Collection and preparation of biological samples
Blood samples were drawn in a standardized manner by use of Monovette tubes containing citrate as anticoagulant (Sarstedt, Nuembrecht, Germany). Monovette tubes were cooled immediately at 6 ЊC and centrifuged after 90-180 min (1500 ϫ g, 20 min, 20 ЊC). The erythrocyte fraction was portioned into cryotubes (Nunc, Wiesbaden, Germany) and stored at Ϫ79 ЊC until analyzed. Hb A 1c was measured in July 1995 and September 1996 by the same laboratory.
Glycated hemoglobin
Hb A 1c was measured with use of the Dako Hb A 1c test (DAKO Diagnostics, Cambridgeshire, United Kingdom), which uses a monoclonal antibody to directly detect the structural change resulting from glycation. This monoclonal antibody is specific for Hb A 1c and does not cross-react with other glycated products or hemoglobin variants lacking the N-terminal sequence of the ␤-chain. The bound conjugate is subsequently detected by the peroxidase reaction. In test series of 8 samples analyzed 10 times, a CV of 2.95% was found for the Hb A 1c analysis.
Dietary data
Dietary intake was measured by use of a self-administered food-frequency questionnaire (FFQ) suitable for optical scanning. This FFQ asked for the average frequency and portion size of 146 food items eaten during the 12 mo before examination. The resulting food consumption profile was converted into nutrient intakes on the basis of a German food-composition table (15) . Validity and reliability of the FFQ were assessed in validation studies (16) (17) (18) (19) . Correlation coefficients between the FFQ and the reference instrument (repeated 24-h dietary recalls), for the nutrients under investigation in this study, ranged from 0.44 for carotenoids to 0.95 for alcohol and indicated a reasonably good assessment of nutrient intake.
Physical activity data
As part of a personal computer-assisted interview, participants were asked to estimate their weekly physical activity over the previous 12 mo. The interview included questions on walking, bicycling sports, gardening, do-it-yourself and household activities, the number of hours of television watched daily, and the number of hours slept daily. In addition, information on the type of physical activity performed during work was assessed on the basis of 4 categories (sedentary, light, medium, and vigorous). The daily duration of each activity was calculated and multiplied by metabolic equivalents (METs) derived from a compendium by Ainsworth et al (20) . The durations of all activities were weighted by their corresponding MET values and summed to form the physical activity level (PAL). An activity score for recreational activity only was calculated separately in the same way.
Anthropometric and other data
Body weight was measured, with participants wearing underwear only, to the nearest 0.1 kg; body height was measured to the nearest 0.1 cm. Waist circumference was measured midway between the lower rib margin and the superior iliac spine; hip circumference was measured at the widest point over the greater trochanters. Both circumferences were assessed while subjects were in a standing position and were recorded to the nearest millimeter. Body mass index (BMI) was calculated as body weight (kg) divided by height (m) squared and the waist-hip ratio (WHR) as waist circumference divided by hip circumference. The CV for inter-and intraobserver effects for most anthropometric measures was < 5% (21) . Sociodemographic and lifestyle variables and medical data were obtained by trained interviewers using computer-assisted interviews and a self-administered questionnaire. Questions on current medication use referred to the 4 wk before the interview.
Statistical analysis
A first analysis of variance indicated that the variable batch number, Ϸ100 randomly selected samples of the immunoassay, was significantly related to Hb A 1c values even after adjustment for other variables such as age, sex, and BMI, indicating systematic analytic differences between batches. Therefore, we standardized the data for each batch to the overall mean and SD by using a z transformation. This standardization did not change the ranking of values within batches; however, it prevented variations in results due to the laboratory methods.
In univariate analyses the mean Hb A 1c value was calculated by lifestyle category separately for men and women. For ordinal-scaled lifestyle factors with ≥ 3 categories, a P value for trend across categories was computed. To study the association between the lifestyle factors and Hb A 1c values in a multivariate analysis, we divided the population of men and women separately into tertiles of Hb A 1c using the sex-specific 33rd and 66th percentiles as cutoffs. The lowest tertile of the distribution was labeled as the low-glycation group (control subjects) and the highest tertile as the high-glycation group (case subjects) and the odds ratio (OR) for exposure categories was computed by using unconditional logistic regression analysis. Associations with Hb A 1c were considered statistically significant at ␣ < 0.05 for the test of trend across quintiles and a 95% CI of the OR for the extreme category that did not include 1. The logistic regression analysis of associations between nutrients and Hb A 1c status was supplemented by calculating unadjusted mean Hb A 1c values in each nutrient quintile. All nutrients were converted into energy-adjusted values by using the residual method (22) before quintiles were formed. Statistical analyses were performed by using SAS (version 6.10; SAS Institute Inc, Cary, NC).
RESULTS
General characteristics of the 1773 subjects included in this analysis are shown in Table 1 . About one-third of the men and one-fifth of the women were current smokers. Vitamin supplements were taken by 12% of men and 14% of women, with multivitamin preparations being the most frequently used. Most of the study participants were of the higher educational level. The mean Hb A 1c value was 0.049 for men and 0.047 for women. Tertile thresholds were at 0.046 and 0.052 for men and at 0.044 and 0.050 for women. The corresponding mean Hb A 1c values for the first, second, and third tertiles were 0.042, 0.049, and 0.058 in men and 0.040, 0.047, and 0.055 in women, respectively. Mean dietary intakes of energy, macronutrients, and specific micronutrients were assessed by the FFQ in the range typically observed in Western populations ( Table 2) .
Mean Hb A 1c values by categories ( Table 3) of age, obesity, and PAL indicated significantly greater Hb A 1c values with greater age and obesity. Small differences in mean values between male smokers and nonsmokers as well as between women with and without a high school education were observed. However, these differences were not significant in the multivariate regression analysis when the study population was divided into tertiles of Hb A 1c ( Table 4) . These regression analyses showed a clear trend of greater hemoglobin glycation across greater age and obesity categories after adjustment for PAL, smoking status, and educational attainment. Age was the strongest independent factor positively related to high Hb A 1c values in this multivariate analysis. For men, the OR of being in the highest tertile of glycation was significantly greater by 3-fold. For women, the OR associated with a high Hb A 1c value was greater in those aged ≥ 55 y, ie, after menopause. Being in the highest category of obesity, eg, having a high BMI and a high WHR, was as an additional factor associated with higher Hb A 1c values. There was no significant variation in the risk of hemoglobin glycation associated with different PALs.
OR estimates for nutrients obtained from a multivariate model with adjustment for age, obesity, PAL, educational attainment, and smoking status are shown in Table 5 . For each of the investigated nutrients, mean Hb A 1c values per quintile were also presented. Energy intake in the highest quintile increased the OR of having high Hb A 1c values compared with the lowest category of energy intake. Of the energy-providing nutrients, the risk for the highest quintile of energy-adjusted intake of saturated fat was 2-fold greater when compared with the lowest quintile and there was a significant trend across quintiles. Carbohydrate (with the subgroups disaccharide and polysaccharide), protein, and fiber intakes showed no significant associations with Hb A 1c . For alcohol intake, there was a significant inverse association with Hb A 1c values in the highest quintile compared with the lowest quintile and a statistically significant trend across quintiles. In the analysis of antioxidant vitamins, supplement use of the corresponding vitamin was included in the multivariate analysis as a binary variable. A significantly lower OR was observed for vitamin C intake in the highest compared with the lowest quintile and there was a significant trend across quintiles. The OR related to vitamin E intake was significant for the highest quintile compared with the lowest and the test of trend was also significant. High ␣-and ␤-carotene intakes, expressed as ␤-carotene equivalents, did not show a significant association with Hb A 1c values. More complex statistical models investigating the interrelation of dietary variables and substitution and addition effects were also investigated. However, the conclusions resulting from this exercise were practically the same as those from the simple models; therefore, specific data were not presented in this article.
DISCUSSION
In this population of nondiabetic, middle-aged men and women, the OR of having high Hb A 1c values was progressively greater with age. In addition to age, obesity was also a significant predictor of Hb A 1c value. Beyond age and obesity, high total energy and saturated fat intakes were significantly associated with high Hb A 1c values, whereas high intakes of alcohol, vitamin C, and vitamin E were inversely associated with high Hb A 1c values.
A major limitation in the interpretation of these results was that they were obtained from cross-sectional data. This type of study design does not allow conclusions to be drawn regarding the temporal relation between exposure and outcome. Such temporal relations can only be analyzed in prospective studies. The current analysis, therefore, describes how Hb A 1c values and lifestyle factors are associated when assessed simultaneously. We used a descriptive statistical approach by comparing mean Hb A 1c values across categories, and a multivariate approach by calculating ORs for the highest tertile compared with the lowest tertile of Hb A 1c values. The second (middle) tertile was excluded from this particular analysis because already small analytic variation in Hb A 1c values may have resulted in misclassification of long-term glucose concentrations to adjacent tertile groups. Even though the immunoassay used to determine Hb A 1c values showed a low CV in repeated measurements from the same blood samples, misclassification is still possible (23) . The applied analytic approach therefore compared 2 clearly distinguishable Hb A 1c groups. However, because of the exclusion of the middle tertile of Hb A 1c values, the OR estimates reflect only differences in the occurrence of Hb A 1c values belonging to the first and the third tertiles, depending on exposure categories, and were not valid for the whole study group. This approach allowed us to elucidate associations that might have otherwise been masked and is different from usual regression methods. The finding that Hb A 1c values were greater with greater age is consistent with the view that hemoglobin glycation is accelerated by the aging process. However, it is not clear whether this is a cause or merely a phenomenon of aging (24, 25) . In addition to the age effect, we observed a greater number of women with high Hb A 1c values after menopause. This change with menopause was also reported by Simon et al (26) for a population in France. Menopause was found to be an important risk factor for type 2 diabetes in a Japanese American cohort (27) . Endocrine alterations in menopause are known to increase the abdominal visceral fat content as well as blood concentrations of cholesterol, triacylglycerol, glucose, and insulin (28) . Changes in visceral fat content were found to be associated with subsequent impaired glucose-insulin homeostasis (29) . Similar to the relation of sex hormones with risk of coronary heart disease (30), sex hormones may act as a protective factor against type 2 diabetes and high glucose concentrations. In this context it is interesting to note that women with type 2 diabetes completely lose their sex-related protection from cardiovascular disease (31).
Together with age, obesity was an additional factor related to Hb A 1c values in this study. Obesity has long been recognized as an important risk factor for diabetes and impaired glucose tolerance, an association that was confirmed in many prospective studies (32) (33) (34) (35) . The finding of an association of exsmoking with greater glycation in women may have been related to obesity status, which was not completely controlled for by our BMI adjustment. Physical activity was implicated in many studies as having a protective effect against type 2 diabetes (34, 36, 37). However, in the present study, no direct relation of physical activity to Hb A 1c values was observed.
In the present study, several dietary factors were found to be related to Hb A 1c when other nondietary factors were accounted for. Significantly greater ORs were found for the highest category of energy and saturated fat intakes. Additionally, the trends across categories were significant. The Zutphen Study reported a positive association between fasting glucose and intake of saturated fat after age, obesity, and energy intake were controlled for (38) . Saturated fat intake has also been identified as an important lifestyle factor in the development of type 2 diabetes in various populations, such as Japanese Americans (27) , Pima Indians, and Americans of Mexican descent (7) . The Nurses' Health Study, however, did not show type 2 diabetes to be associated with saturated fat intake, but vegetable fat intake did show a protective effect (39) . Indication of the underlying mechanism is given by metabolic studies in humans suggesting that increased saturated fat consumption may increase insulin secretion and possibly lead to insulin insensitivity (40) . Other macronutrient intakes, such as those of carbohydrates and protein, were also associated with Hb A 1c values. However, because these associations were not significant, they were not commented on here. We observed no inverse association between total fiber intake and hemoglobin glycation. The fiber type that improves glucose tolerance and reduces hemoglobin glycation (41, 42) is viscous fiber (eg, guar, pectin, and psyllium). Salmeron et al (43, 44) reported that the ratio of low cereal fiber intake to high glycemic load was associated with increased risk of type 2 diabetes in the Nurses' Health Study as well as in the Health Professionals Follow-up Study. Previous evaluations of these cohorts showed no associations between fiber consumption and subsequent development of diabetes (39, 45) .
Inverse associations were seen for antioxidants, particularly for vitamin C. The mechanism for the in vitro and in vivo effects of vitamin C on protein glycation has been suggested to be a competition of ascorbic acid and dehydroascorbic acid with glucose for reaction with the protein amino group, thereby inhibiting glycation (46) . Because of the observed inverse relation between vitamin C and vitamin E and hemoglobin glycation, our results indicate that oxidative stress might not only play a role in the pathogenesis of diabetic complications (47) , but also in the formation of glycation products. This explanation has also been suggested by Shoff et al (48) , who found vitamin C intake to be negatively associated with glycated hemoglobin values in nondiabetic subjects. The inverse association between alcohol consumption and high Hb A 1c values may be the effect of inhibition of gluconeogenesis in the liver. Clinical experience has indicated that heavy alcohol drinkers have lower concentrations of blood glucose than do light drinkers, reflected in corresponding fructosamine and glycated hemoglobin values (49) (50) (51) .
In agreement with other studies, the results of our study indicate the potential for changes in lifestyle to reduce high glucose concentrations and subsequent risk of type 2 diabetes. The interest in nonenzymatic glycation reactions and preclinical stages of type 2 diabetes, both of which have detrimental effects on health, should initiate more efforts in identifying lifestyle patterns associated with low glucose concentrations.
